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(54) White light illumination system with improved color output 



(57) There is provided a white light illumination sys- 
tem including a blue LED and a luminescent material. 
The system color output is improved when a line con- 
necting the LED color coordinates and the luminescent 
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perceives the mixture of blue and yellow light as white Hght * 9 ^ ** ph ° Sphor 1,16 viewer 
[0003] The chromaticity coordinates of the blue LED the vellow YAR nh n . n h«, »„j «. 

the LED and the phosphor may be plotted on the w^H known S C ° mbin6d 0UtpUt ° f 

points 9, 11 , 13 or 15. for example Y P °' nt a '° n9 " ne 3 betWeen points 5 and 7 > as at 

the combined clroniy SJ^^ES^^STl^ 1 7 " d 1 * ' n ° thW ^ 

ahu.rmobse^er.TvpicalS 

temperatures in the range between Sto WOOK 

ature of 3900 K are des^d -natural ^ZZZ * P ° int °" BBL With a color 

and so on. However, points or 00^2^ 

human observer. Thus, the LED - phosphor system show^Ra^ l6SS ^P^' 6 as a «"ite light to the 

b^een lines 17 and19 that do Soty^lda^^ 

deviations from desired parameter O.iSjhSSSllS^ W t0 ,reqUentl unavoida ^. routine 
[0008] Forexample.thecXo^ 

the phosphor, and the combined LED - ohosniw «uct*Z iuLT . - . 9 y he LED wl " P enetr ate through 

output of the LED. In this «£X SronS <Z fZ StXF TVT ^ " i8 dominated b V * e 

LED chromaticity coordinates and awa^S e close to the 

too thick, then less than a des'ed amoumTf XSt^SiS?^ UT " the ph ° Sphor fe 

combined LED - phosphor system wii, £T ^ Xff HRK&X'S 

and variations in phosphor iness often ^ 

in,CKness otten result in the system oulput being unsuitable for white light lighting applica- 
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tions or appearing non-white (i.e., bluish or yellowish), which leads to an unacceptably low LED - phosphor system 
manufacturing yield. 

[0010] Figure 2 illustrates a CIE chromaticlty diagram containing the chromatlcity coordinates at point 11 of a prior 
art YAG:Ce** phosphor layer that is placed over a blue LED having chromaticity coordinates at point 23. Thus the 
chromaticlty coordinates of this system will lie along line 25 connecting points 11 and 23 in Figure 2. If the phosphor 
layer is thinner than required to produce white light, then too much of the blue LED light will penetrate through the 
phosphor layer and the chromaticity coordinates of the system light output will lie near the LED coordinates such as 
at point 27, below the BBL. The output of this system will appear bluish. If the phosphor layer is thicker than required 
to produce white light, then too little of the LED light will be absorbed by the phosphor, and the chromaticity coordinates 
of the system will he near the phosphor coordinates, such as at point 29, above the BBL. The output of the system will 
appear yellowish. The chromaticity coordinates of the system will lie near or on the BBL at point 31 only if the thickness 
of the phosphor layer is almost exactly equal to the thickness required to produce acceptable white light. Thus, Figure 
2 illustrates the sensitivity of the system color output to variations in the phosphor layer thickness. 
[001 1 J Furthermore, the prior art LED - phosphor system suffers from a further deficiency. In order to obtain a white 
light illumination system with different color temperatures that have color coordinates on or near the BBL (i e a system 
that yields an acceptable white light for illumination purposes), the composition of the phosphor has to be changed 
For example, if a prior art system includes a phosphor having a composition whose color coordinates are located at 
point 11 in Figure 2, then the LED - phosphor system containing this particular phosphor will have color coordinates 
near the BBL (i.e., near point 31 on line 27) only for a narrow color temperature range between about 5800 K and 6800 
K. The system with this particular phosphor composition does not yield an acceptable white light for lighting applications 
for color temperatures outside this range. Therefore, the phosphor composition must be changed in order to obtain a 
system which yields an acceptable white light for lighting applications for desired color temperatures outside the range 
of 5B00 K to 6800 K. The required change in the phosphor composition increases the cost and complexity of the 
manufacturing process. 7 
[001 2] The present invention is directed to overcoming or at least reducing the problems set forth above 
[0013] In accordance with one aspect of the present invention, there is provided a white light illumination system 
comprising a radiation source and a luminescent material, wherein an emission spectrum of the radiation source rep- 
resents a first point on a CIE chromaticity diagram, an emission spectrum of the luminescent material represents a 
second point on the CIE chromaticity diagram and a first line connecting the first point and the second point aDoroxi- 
30 mates a Black Body Locus on the CIE chromaticity diagram. 

[0014] In accordance with another aspect of the present invention, there is provided a white light illumination system 
comprising a luminescent material, comprising (A Vx Gd^ D 5 E 12 : Ce, wherein A comprises at least one of Y, Lu Sm 
and La, D compnses at least one of Al, Ga, Sc and in, E comprises oxygen, x>0.4, and a light emitting diode having 
a peak emission wavelength greater than 470 nm. 

[0015] In accordance with another aspect of the present invention, there is provided a method of making a white 
light illumination system containing a radiation source and a luminescent material, comprising selecting a first line 
which approximates a Black Body Locus on a CIE chromaticity diagram, forming the radiation source wherein an 
emission spectrum of the radiation source is represented by a first point on the first line and forming the'iuminescent 
matenal, wherein an emission spectrum of the luminescent material is represented by a second point on the first line 
[0016] The invention will now be described in greater detail, by way of example, with reference to the drawings in 
which:- ' 
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Figures 1-2 are CIE chromaticity diagrams of prior art illumination systems. 

Figures 3 and 5 are CIE chromaticity diagrams of illumination systems according to the preferred embodiments of 
the present invention. 

Figures4and6are close up views ofacenter region of CIE chromaticity diagrams of illumination systems according 
to the preferred embodiments of the present invention . 

Figures 7-9 are a cross-sectional schematic views of the preferred structures of an illumination system of the 
present invention. 7 

[0017] In view of the problems in the prior art, it is desirable to obtain a white light radiation source - luminescent 
material illumination system whose color output is less sensitive to errors during the system manufacturing process 
especially errors and variations in the thickness of the luminescent material. Furthermore, it is desirable to obtain a 
white light radiation source - luminescent material illumination system capable of providing an acceptable white light 
for lighting purposes for a broad range of color temperatures without changing the composition of the luminescent 
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materia,. Preferably, the radiation source comprises an LED 
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10018] Tbepresem inverts ^3^12 

sensitive to manufacturing errors when^e^eZ a 222 ' E ° -J™™*** system is iess 

a point representing the luminescent material chVomS P T representin 9 the LED chromaticity coordinates with 
diagram. Furthermore, such a svstemte uSSSST ^ coord,nates approximates the BBL on the CIE chmmS 

r™ atiCtty coordinates - «he ^o^^TtHeZ^ T'H ^"ates" refe^olSe 

[0020] The line connecting the LED and EZJ»I T ? ent material on the CIE chromaticity diaoram 
curve in many different ways. In one ^Z^!?** — *— 

may approximate the BBL 

curve twice approximates the BBL curve as illustr^ ZV PreS6nt inventi °n. a «ne which intersects the BBL 
, s ' 3 - ** p.e, a line 33 STlS^i^f^ 4 ' F ? Ure 4 * of the midl port,o 

« LED chromaticity coordinates 39 to th- V 21 tw,ce at P° ints 3 $ and 37 Line 33 mnnJL #u 

for ...ustration ptoses on^m^^^ ««, £3E£ 

vanoue luminescent material chrematicity coordinates an^w^ich ^ 

aol e L e r^ va ^^ 

- srAwhix;r u ^ 

oftheBBLandprererahiyw^o^S 

dragram. A line, such as line 33, which intersecte he 2" i V ? 3 Un,t al0 " 9 me r** ° f the CIE chromaticitv 

[0023] Preferably, the line 33 intersects tho rri •« or less 

» temperatures a. leas, 2000 K JSS£2 « oST^T " *° P ° in,S Which despond to color 

4. For example, points 49 and 51 conwponi"iS^l^T ^ BBL CU,Ve 21 ■ as '"^trated in Ftaure 
on line 33, 0.01 y-units or less from the BBL curve JTfSS 1 6 °°° K and 4000 K - ^actively, are liS 
located between lines 45 and 47. within aoi " ^ b """ n P ° in * 49 and « 

points correspond to an acceptable white licht UfVe ' 88 ,,lus trated In Figure 4 Thus ell th*« 

* white light i.iumination sysJwfth ^ KS^^'"''^ FUrth6rm ° re ' tt is P"*5£2K 
nescent material, by selecting a system having, °i tamperatures wrt hout changing the composition of the iu J 
peratures of about 10.800K 1 SST^SSf* C ° 0rC " nate8 * "* P ° int °" «~ » -espoX" cotor tem- 

» Figure 5. For example, points 49 and 51 corresoonla to V . °' ' eSS fr0m the BBL cu ™ 21 , as Z ° 

located within 0.01 y-units tSLS? and6000K a '^ the prior art ,ine 25 are not 

Figure 4) and 6400 K (point 61 in Figure 4) STttSwSr^ l<= C00rd,nates «*»•«■ about 5200K (point 59 in 
Furthermore, only the color coortinateLetween fbLt 25 are '° cated within *** V-unite from the BBL 
!"* a P d °' a «<^ 

color temperature below 5200K (above point 591 Z ? T 6 acoessible color coordinates with correlated 

delineating the 0.01 y-unit ^ta^Z^^ Sh ^T^ ,ha " 0 01 ***** <™ the BBL JI abTete « 
toan acceptable whfte light source 

utectunng error than the system of the firs, prefer^ eZdlmenT^ ^ "* Wtem is more sans tive to man 
sibon of the phosphor of the prior art svstem h«« T f the present '™en,ion. Furthermore the M Z 

-espondingtocolortempeLrSorde^ 

[0026] in a second preferred embodiment of the oJm^Z- 9 '., acceptable for lighting applications 

^J!5!=tt«5 
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example, the slope of the line may be varied by varying the peak emission wavelength of the LED along line 43 or by 
varying the luminescent material peak emission wavelength along line 3. 

[0027] A line/such as line 65, which Is tangential to the BBL curve approximates the BBL curve because many points 
on this line are 0.01 y-units or less, and preferably 0.005 y-units or less away from the BBL curve. For example, any 
point on line 65 between about 6500K and 3500K corresponds to an acceptable white light, because these points are 
located between lines 45 and 47. Preferably, the line 65 Is tangential to the BBL curve such that it contains two points 
which correspond to color temperatures at least 2000 K apart and which are 0.01 y-unlts or less, and preferably 0.005 
y-units or less from the BBL curve 21. For example, the points that lie on line 65 on the CIE chromaticity diagram 
between points corresponding to color temperatures of 4000 K and 6000 K would be located between lines 45 and 47 
in Figure 6. In other words, all the points on line 65 between points 66 and 67 are located within 0.01 y-units from the 
BBL, i.e., between lines 45 and 47, as illustrated in Figure 6. Thus, all points on line 65 between points 66 and 67 
correspond to white light acceptable for lighting applications. 

[0028] In a third preferred embodiment of the present invention, a line which approximates the BBL curve contains 
two points which are at least 2000 K apart and are located 0.01 y-units or less from the BBL curve. For example, as 
illustrated in Figure 6, line 68 contains two points, 69 and 70, which correspond to color temperatures of 6000 and 
4000 K, respectively, which are located 0.01 y-units or less from the BBL curve (i.e;, points 69 and 70 are located 
between lines 45 and 47). Of course, line 68 is shown for illustration purposes only. There may be many other lines 
which connect various LED chromaticrty coordinates to various luminescent material chromaticity coordinates and 
which contain two points at least-2000 K apart that are 0.01 y-units or less from the BBL curve. For example, the slope 
of the line may be varied by varying the peak emission wavelength of the LED along line 43 or by varying the peak 
luminescent material emission wavelength along line 3. Furthermore, a line which approximates the BBL curve may 
be located between the BBL curve 21 and line 47. 

[0029] It should be noted that lines may approximate the BBL curve in ways otherthan described in the first, second 
and third preferred embodiments. Preferably, the CI E color coordinates of the radiation emitted by the LED - luminescent 
material system range from x=0.31 and y=r0.33 (T=6700 K or "daylight" ) to x=0.44 and y=0.4 (T=3000 K or "standard 
warm white"). However, the radiation emitted by the system may have other coordinates that are considered to corre- 
spond to white color, if desired. 

[0030] In a first preferred aspect of the present invention, the luminescent material comprises (A^ Gd x ) 3 D 5 E 12 : 
Ce, where A comprises at least one of Y, Lu, Sm and La; D comprises at least one of Al, Ga, Sc and In; E*comprises 
oxygen and x>0.4. In a second preferred aspect of the present invention, the light emitting diode preferably comprises 
a light emitting diode having a peak emission wavelength greater than 470 nm. Preferably, the peak emission wave- 
length is between 470 and 500 nm and most preferably, between 475 and 480 nm, such as 478 nm. In a third preferred 
aspect of the present invention , the white light illumination system contains the luminescent material of the first preferred 
aspect and the light emitting diode of the second preferred aspect. 

[0031 ] In the luminescent material of the first preferred aspect, Ce ions act as the activator ions, and are responsible 
for the emission of yellow light from the luminescent material. The Gd ions affect the color (i.e., the color coordinates) 
of the output of the illumination system. The present inventors have determined that when the atomic ratio (i.e., "x") of 
Gd ions is greater than 0.4, the color coordinates of the light emitted from the luminescent material allow a line con- 
necting these coordinates to the LED color coordinates to approximate the BBL curve. For example, the (A,.* Gd x ) 3 
D s E 12 : Ce luminescent material having x>0.4 emits light with color coordinates approximately between points 5 and 
15 in Figure 1 . The high Gd content decreases the efficiency of the luminescent material by a few percent compared 
to a luminescent material containing little or no Gd. However, the improvement in the illumination system manufacturing 
yield achievable by increasing the Gd content offsets the small decrease in system efficiency. 
[0032] Preferably, the luminescent material contains no or trace amounts of Ga and comprises (Y Vx . z Gd x Ce 2 ) 3 Al 5 
0 12l where 0.7>x>0.4 and 0.1>z>0. However, the value of V may be increased up to 0.8, if desired. The luminescent 
material may contain other elements, such as small amounts of fluorine, if a fluorine based flux such an ammonium 
fluoride, YF 3 or AIF 3 is used during the fabrication of the luminescent material. Most preferably, the luminescent material 
comprises a (Y 0J37 Gd 0 6 Ce 0 ^ ) 3 Al 5 0 12 phosphor. However, the luminescent material may comprise a scintillator if 
desired. 

[0033] The LED of the second preferred aspect may comprise any LED having a peak emission wavelength of greater 
than 470 nm and which is capable of producing white light when its emitted radiation is directed onto a luminescent 
material. In other words, the LED may comprise a semiconductor diode based on any suitable lll-V, ll-VI or IV-IV 
semiconductor layers. Preferably, the LED may contain at least one semiconductor layer comprising GaN, ZnSe or 
SiC. Most preferably, the LED comprises a single quantum well LED having an InGaN p-n junction having a peak 
emission wavelength greater than 470 nm but less than 500 nm. However, multiple quantum well LEDs or LEDs without 
quantum wells could also be used. A peak emission wavelength between 475 and 480 nm, such as 478 nm is most 
preferred. A peak emission wavelength between 470 and 500 nm along line 43 in Figures 3 and 5 allows a line con- 
necting the LED color coordinates to the luminescent material color coordinates to approximate the BBL curve. 
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and the LED whose color coordinates are also illustrated in Roures a ■EES? 1 '" • >3 5 12 ° 6 Where X>0 4 ' 
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Table 1 


System = LED with 478 nr 


n emission + (Y 0 37 Gd^ Ce 0>03 ) 3 Al 5 0 12 phosphor 


COLOR TEMPERATURE 


COLOR COORDINATE DISTANCE FROM BBL (Y-UNITS) " 


3800 K 


0.005 


I 4000 K 


0.003 


5000 K 


-0.003 


6000 K 


-0.004 


7000 K 


-0.002 


8000 K 


-.00009 


9000 K 


0.002 


| 10,000 K 


L 0004 


10,800 K 


0.005 — 


Table 2 


Prior Art System = 

LED with 460 nm emission 


+ OWCeo.oakA's °12 phosphor 


COLOR TEMPERATURE 


COLOR COORDINATE DISTANCE FROM BBL (Y-UNITS) 


4000 K 


0.072 


5000 K T 


0.020 


5800 K 


0.005 


6000 K 


0.002 


6800 K 


-.0005 



wider color temperature range (abo 3 800 to 1 o'KL ° °° 5 from *• BBL for • 

6.800K). Thus, the system alordin X 'the P £feJS elZZ^TZ * ,he Pri ° r art (about 5 ' 800 to 

errors and variations in the luminescent mSlfSl! I °" Pr6Sem ' nVention wi " be less to 
ufacturing yield for a system manufactured 1^,2^. „ V, ' ™* leads t0 an "W* 

[0038] For example assumTZ^ COmpared t0 the P rior art ^'"n. 

dinatesk«atednearpoints31 and49in%S 

should be equal to a predetermined value HowelT^ 

fabricated w«h a thickness greater than the pained tZ ^ ^ ** ,UmineSCert ™* be 



rnnoQi a * 3 " u,u ^eaeierminea value. * 

C0038, A greater than desired .uminescent materia, threes .suits in the system coior coordinates being shifted 
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toward the luminescent material color coordinates (i.e., toward line 3 in Figure 3) along the line connecting the lumi- 
nescent material color coordinates with the LED color coordinates. For example, the color coordinates of the system 
according to the first preferred embodiment will be shifted from point 49, along line 33 toward point 41 on line 3 in 
Figure 3. Likewise, the color coordinates of the prior art system will be shifted from point 49, along line 25 toward point 
5 11 on line 3. 

[0040] As is illustrated In Figures 3 and 4, the system of the first preferred embodiment allows a greater deviation 
than the prior art system in luminescent material thickness from the predetermined value while maintaining an accept- 
able white system color output. For example, the deviation in thickness may shift the color coordinates of system of 
the first preferred embodiment all the way to point 63 where line 33 intersects line 45, while still retaining an acceptable 

io white color system output(i.e.,the system color coordinates remain between lines 45 and 47) . I n contrast, the deviation 
In thickness may shift the color coordinates of the prior art system only to point 59, while still retaining a white color 
system output that is suitable for lighting applications. Any further deviation in thickness will cause the output of the 
prior art system to become unsuitable for lighting applications (i.e. the system color coordinates will be located between 
points 59 and 11 , above line 45 In Figures 3-4). 

15 [0041 J The same advantages over the prior art system may also be obtained for other preferred embodiments of the 
present invention and also when the luminescent material thickness is below the predetermined value. In this case, 
the color coordinates will merely shift to the left (toward line 43) instead of toward the right (toward line 3). Furthermore, 
a system according to the preferred embodiments of the present invention is capable of providing an acceptable white 
light for lighting purposes for a broader range of color temperatures than the prior art system, without changing the 

20 composition of the luminescent material 

[0042] The white light illumination system according to the preferred aspects of the present invention may have 
various different structures. One preferred structure is schematically illustrated In Figure 7. The illumination system 
includes an LED chip 71 and leads 73 electrically attached to the LED chip. The leads 73 may comprise thin wires 
supported by a thicker lead frame(s) 75 or the leads may comprise self supported electrodes and the lead frame may 

25 be omitted. The leads 73 provide current to the LED chip 71 and thus cause the LED chip 71 to emit radiation, such 
as blue or blue-green light having a wavelength between 470 and 500 nm. 

[0043] The LED chip 71 is preferably encapsulated within a shell 77 which encloses the LED chip and an encapsulant 
material 79. The shell 77 may be, for example, transparent glass or plastic. The encapsulant material may be, for 
example, an epoxy or a polymer material, such as silicone. However the shell or the encapsulating material may be 

30 omitted to simplify processing. Furthermore, the shell may comprise an opaque bottom portion and a transparent top 
portion comprising glass, plastic or an opening. Furthermore, the shell 77 may have any desired shape in addition to 
the shape shown in the Figures. The LED chip 71 may be supported, for example, by the lead frame 75, by the self 
supporting electrodes, by the bottom of the shell 77 or by a pedestal mounted to the shell or to the lead frame. 
[0044] The first preferred structure of the illumination system includes a luminescent material 81 . The luminescent 

35 material may comprise the (A,,. x Gd x ) 3 D 5 E 12 : Ce phosphor or scintillator where x>0.4 formed adjacent the LED chip. 
If the luminescent material 81 is a phosphor, then the phosphor may be coated over or directly on the light emitting 
surface of the LED chip 71 . If the luminescent material 81 is a solid scintillator, then the scintillator may be affixed to 
or over the light emitting surface of the LED chip 71 . Both the shell 77 and the encapsulant 79 should be transparent 
to allow white light 83 to be transmitted through those elements. 

40 [0045] Figure 8 illustrates a second preferred structure of the present invention. The structure of Figure 8 is the same 
as that of Figure 7, except that the luminescent material 81 is interspersed within the encapsulant material 79, instead 
of being formed over the LED chip 71 . The luminescent material 81 may comprise a phosphor powder which is inter- 
spersed within a single region of the encapsulant material 79 or throughout the entire volume of the encapsulant ma- 
terial. The blue or blue-green light 85 emitted by the LED chip 71 is mixed with the yellow light emitted by the phosphor 

45 81 to appear as white light 83. 

[0046] Figure 9 illustrates a third preferred structure of the present invention. The structure of Figure 9 is the same 
as that of Figure 7, except that the luminescent material 81 is coated on the shell 77, instead of being formed over the 
LED chip 71 . The luminescent material 81 is preferably a phosphor that is coated on the inside surface of the shell 77, 
although the luminescent material may be coated on the outside surface of the shell, if desired. The phosphor 81 may 

so be coated on the entire surface of the shell or only a top portion of the surface of the shell. The blue or blue-green light 
85 emitted by the LED chip 71 is mixed with the yellow light emitted by the phosphor 81 to appear as white light 83. 
[0047] Alternatively, the shell 77 may be made of the luminescent material 81 in scintillator form. Of course, the 
embodiments of Figures 7-9 may be combined and the luminescent material may be located in any two or all three 
locations or in any other suitable location, such as separately from the shell or integrated into the LED. 

55 [0048] According to a fourth preferred embodiment of the present invention, the white light illumination system is 
made by the following method. First, a line which approximates the BBL is selected. For example, a line according to 
the first, second or third preferred embodiment of the present invention approximates the BBL. However, other lines 
which approximate the BBL may be selected. Based on the selected line, an LED is formed having an emission spectrum 
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that is represented by a point on the line that approximates the BBL r.,rth 

connoted B »» teMs . FlBhMB1 ^ , , 8 ' 1 "™" '""J"""' ™= LED <*P ira, be Btee< | „, BM 
» «"*. line thai appro,,™,*!!,. BBL, Fof .Sle aSlS " ,m ™ scsnl ™«** ™y b. lomed bj™ 

sto^hiometrc amounts of cerium oxide, Ce0 2 gadolinium oxile ldo ^ 9 Ph ° Sph ° r ^"nds comprise 
des.red. a flux, such as ammonium fluoride, £<Z ZoMe YF ^ TT ^ Y «°» and a,umina . ^Ws- « 
Phosphor luminosity and efficiency, may alsoTe Td ded ^JSl ? minUm f ' UOride ' A,F 3> improves the 
mole of the phosphor produced Use of a flu, rll,7 7 ' pteierab * at a concentration of 0.02-0.2 mole percent n« 
Ce:Gd phosphor. Mernative. uh rar rj^ZJl^ir" am0Um ° f f,UOrine t0 be S5S 

[0051 J The blended first powder is then sint^n i„ Z # P d °P t,ona,| y with the flux, such as AIF 

^^prefe^ 

Place .n a reducing atmosphere, such as in forming £^ JSS? ° r ° ake - The sin,erin 9 drably takes 
over the LED chip, inL^^ 

above with respecttothe first, second and thXS e Ts^ll nf^ ° nt ° 8UrfaCe ° f the she "' ^ described 
of the second powderand a liquid is used to com Zl^^T^^^^^-^^ton 
contam a binder in a solvent. Preferably, the binder comnS The susperis ion may also optional 

such as butyl acetate, amyl acetate, m^J^^T^ such « nitrocellulose. S a soS 

^ndmaybeheatedtoevaporaLhe^ 

s«So™^^ 

emWing diode. However, the rad^ 

diode^or example, the white light ..luminatJor^ Z^Z Z^Z . * ' semteo ^otor .ight emlg 

(OLED), a plasma display device or a fluorescent lamp ?2 S " **** d '° de - an 0l 9 anic "flht emitting diode 
rad.at.ve discharge in response to collisions Jh chTmed „^?? may a 9 as w hich produces a 

thegas is incident on the ' uminescent material coat^ ^n n rt? * T*" * an e,ectrode - ™* radiation emtoeTbv 

[0056] Furthermore, the preferred system described above \ . 9 ^ appeare whlte t0 the observer, 

cen, material. However, if desired, plural radiatto n9 ' e S0Urce and a 8i "9le lum nes- 

color coordinates may be used in thesvstem „ n T cesand/or P |ural luminescent materials having different emuaTn 
'^tha.ightofadme^^^^ 

Sir'p "T' b ' Ue " 9ht diodes a £ Z >£L 9 Sy8,em ^ be US6d «"*■»«*» wrth 

[ " FOr,heSake ° ,9OOdOrde - ari0USa ---e i n:en^ 



8 



EP 1 139 440 A2 

1 . A white light illumination system comprising a radiation source and a luminescent material, wherein: 

an emission spectrum of the radiation source represents a first point on a CIE chromaticity diagram; 

an emission spectrum of the luminescent material represents a second point on the CIE chromaticity diagram; 

and 

a first line connecting the first point and the second point approximates a Black Body Locus on the CIE chro- 
maticity diagram. 

2. The system of clause 1 , wherein the radiation source comprises a light emitting diode. 

3. The system of clause 2, wherein the first line intersects the Black Body Locus twice. 

4. The system of clause 2, wherein the first line is tangential to the Black Body Locus, 

5. The system of clause 2, wherein: 

a third point and a fourth point on the first line are located less than 0.01 y-units away from the Black Body 

Locus on the CIE chromaticity diagram; 

the third point corresponds to a first color temperature; and 

the fourth point corresponds to a second color temperature which is at least 2000 K greater than the first color 
temperature. 

6. The system of clause 5, wherein the third point and the fourth point on the first line are located less than 0.005 
y-units away from the Black Body Locus on the CIE chromaticity diagram. 

7. The system of clause 6, wherein the first color temperature is 4000 K and the second color temperature is 6000K. 

8. The system of clause 2, wherein: 

a) the luminescent material comprises: 

( A i- x Gd x ) 3 D 5 E 12 :Ce, 

wherein A comprises at least one of Y, Lu, Sm and La; 
D comprises at least one of Al, Ga, Sc and In; 
E comprises oxygen; and 
x>0.4;and 

b) a peak emission wavelength of the light emitting diode is greater than 470 nm. 

9. The system of clause 8, wherein the luminescent material comprises (Y,.^ Gd x Ce z ) 3 AI 5 0 12 ; 0.7>x>0.4; and 
0.1>z>0. 

10. The system of clause 9, wherein the luminescent material further contains fluorine. 

1 1 . The system of clause 9, wherein the luminescent material comprises a (Y 0 ^ 7 Gdo. 6 Ce 0 03 ) 3 AI5 0 12 phosphor. 

12. The system of clause 8 wherein the light emitting diode contains at least one semiconductor layer comprising 
GaN, ZnSe and SiC having a peak emission wavelength greater than 470 nm but less than SOO nm. 

13. The system of clause 12, wherein the light emitting diode peak emission wavelength is 475 to 480 nm. 

14. The system of clause 1 2, wherein the light emitting diode comprises an InGaN p-n junction. 

1 5. The system of clause 8, wherein: 

the luminescent material comprises (Y^x* Gd x Ce 2 ) 3 Al 5 0 12 ; 0.7>x>0.4; and 0.1>z>0; and 
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tures ranging from 4000 K to 6000 K thickness of the luminescent material for color tempera- 

20. A white light illumination system comprising: 
a) a luminescent material, comprising: 

< A i-x Gd, ) 3 D 5 E 12 : Ce, 

wherein A comprises at least one of Y, Lu, Sm and La- 
D comprises at least one of-AI, Ga t Sc and In- 
E comprises oxygen; and 
x>0.4; and 

b) a light omitting diode having a peak emission wavelength greater than 470 nm 
22. The astern « aam . „ . ^ „,, ^ ^ ^ ^ 

' 25. The system of clause 24, wherein the light emhting diode peak emission wavelength Is 475 to 4gg nm> 
26. The system of clause 20, wherein: 

the luminescent material comprises (Y n~ ^ *, ~ 

^.rr^s ^c^z^^vrrr* " s '" ^ ** - - « 
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28. The system of clause 20, wherein the radiation emitted by the system approximates a Black Body Locus on a 
CIE chromaticity diagram substantially independent of a thickness of the luminescent material for color tempera- 
tures ranging from 4000 K to 6000 K. 

29. The system of clause 20, wherein CIE color coordinates of a radiation emitted by the system range from x=0.31 
and y=0.33 to x=0.44 and y=0.4. 

30. A method of making a white light illumination system containing a radiation source and a luminescent material, 
comprising: 

selecting a first line which approximates a Black Body Locus on a CIE chromaticity diagram; 

forming the radiation source, wherein an emission spectrum of the radiation source is represented by a first 

point on the first line; and 

forming the luminescent material, wherein an emission spectrum of the luminescent material is represented 
by a second point on the first line. 

31 . The method of clause 30, wherein the radiation source comprises a light emitting diode. 

32. The method of clause 31 , wherein the first line intersects the Black Body Locus twice. 

33. The method of clause 31 , wherein the first line is tangential to the Black Body Locus. 

34. The method of clause 31 , wherein: 

a third point and a fourth point on the first line are located less than 0.01 y-units away from the Black Body 

Locus on the CIE chromaticity diagram; 

the third point corresponds to a first color temperature; and 

the fourth point corresponds to a second color temperature which is at least 2000 K greater than the first color 
temperature. 

35. The method of clause 34 wherein the third point and the fourth point on the first line are located less than 0.005 
y-units away from the Black Body Locus on the CI E chromaticity diagram. 

36. The method of clause 35, wherein the first color temperature is 4000 K and the second color temperature is 
6000K. 

37. The method of clause 31 , wherein: 

a) the luminescent material comprises: 

( A i-x Gd x )s D s E 12 : Ce, 

wherein A comprises at least one of Y, Lu, Sm and La; 
D comprises at least one of Al, Ga, Sc and In; 
E comprises oxygen; and 
x>0.4; and 

b) a peak emission wavelength of the light emitting diode is greater than 470 nm. 

38. The method of clause 37, wherein: 

the luminescent material comprises (Y Vx _ 2 Gd x Ce 2 ) 3 Al 5 0 12 ; 0.7>x>0.4; and 0.1 >z>0; and 
the light emitting diode peak emission wavelength is greater than 470 nm but less than 500 nm. 

39. The method of clause 38, wherein the luminescent material comprises a (Y 0 37 Gdo 6 Ce 0 Al 5 0 12 phosphor 
and the light emitting diode comprises an InGaN p-n junction having a peak emission wavelength of 475 to 480 nm. 
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40. The method of clause 37, wherein the step of forming the luminescent material comprises: 

sintering the first powder in a reducing atmosphere to form a sintered body and ' 
converting the sintered body Into a second powder. 

41 . The method of clause 40, wherein: 

the step of forming the light emitting diode comprises: 

placing a light emitting diode into a shell; and 
filling the shell with an encapsulating material; 

and wherein the step of forming the luminescent material further comprises: 

d^ 

b) interspersing the second powder in the encapsulating material- or 

c) coating a suspension of the second powder and a solvent onto the shell and drying the suspension. 

peratures ranging from 4000 K to 6000 K ' ndependent ° f 8 th,ckness oi the ""™escent material for color tem- 

43. The method of clause 31 , wherein the step of forming the light emitting diode comprises: 

s:f:r n9 li9ht Mg diode hav,na an ^ * *. p* M ». 

placing the light emitting diode into the illumination system. 

44. The method of clause 31 , wherein the step of forming the luminescent material comprises: 

SSSZ 2T" ' UmineSCent mat6ria ' haV ' n9 ^ emiSSi ° n Sp6Ctrum rep « * the second point on 
placing the luminescent material into the illumination system. 

Claims 

1 . A white light illumination system comprising a radiation source and a luminescent materia., wherein: 

an emission spectrum of the radiation source represents a first point on a CIE chromatid di aoram . 
anem-saonspec,^ 

mS^raT 1 " 9 **** ^ *" P °" * Black *" ^ocus on the CIE chro- 

2. The system of claim 1. wherein the radiation source comprises a light emitting diode. 

3. The system of claim 1 or 2, wherein the first line intersects the Black Body Locus twice. 

4. The system of claim 1 or 2, wherein the first line is tangential to the Black Body Locus. 
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5. A white light illumination system comprising: 

a) a luminescent material, comprising: 

5 

(Ai-x Gd x ) 3 D 5 E 12 : Ce, 

wherein A comprises at least one of Y, Lu, Sm and La; 
D comprises at least one of Al, Ga, Sc and In; 
to E comprises oxygen; and 

x>0,4; and 

b) a light emitting diode having a peak emission wavelength greater than 470 nm. 

15 6. The system of claim 5, wherein the luminescent material comprises (Y lBjrt Gd x Ce z ) 3 Al 5 0 12 ; 0.7>x>0.4; and 
0.1>z>0. 

7. The system of claim 6, wherein the luminescent material further contains fluorine. 
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8. A method of making a white light illumination system containing a radiation source and a luminescent material,, 
comprising: 



selecting a first line which approximates a Black Body Locus on a CIE chromaticity diagram; 
forming the radiation source, wherein an emission spectrum of the radiation source is represented by a first 
25 point on the first line; and 

forming the luminescent material, wherein an emission spectrum of the luminescent material is represented 
by a second point on the first line. 
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9. The method of claim 8, wherein the radiation source comprises a light emitting diode. 

10. The method of claim 8 or 9, wherein the first line intersects the Black Body Locus twice. 
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